A design approach is described that considers the design of aircraft wing structures that incorporate morphing devices. The methodology is generic rather than device specific, and determines the best distribution of morphing concept that enables minimisation of weight for minimum morphing application across the design flight envelope. Examples of the approach are described using a regional jet aircraft configuration. As well as determining the morphing requirements, the effect of uncertainty in both the aircraft structure and aerodynamic on the design process is also considered. 
I. Introduction
ommercial aviation is predicted to see a growth of 5% per annum until at least 2030 1 . Such a promising future is nonetheless facing some issues among which the industry's fossil fuel dependency is one of the biggest. The improvement in engine fuel efficiency has started to flatten, forcing aircraft designers to find further efficiency improvements by focusing on the overall aircraft through reductions in weight and drag. Future aircraft designs will be more multidisciplinary in nature compared to traditional designs where each discipline tends to be considered separately.
There has been a growing interest in developing novel aircraft concepts that will lead to more environmentally friendly designs. An important one of them is the use of morphing structures that allow the change of the lifting surface shape so as to optimize aerodynamic performance throughout the flight envelope. A range of different approaches and concepts have been suggested to achieve this goal. However, most studies are based upon the definition of a concept, and then investigation as to how they are applied, followed by an evaluation in the improvement of some goal such as drag or L/D ratio. There is a range of different morphing approaches available 2 that can be categorized as either changing the planform of the system -planform morphing -or performance morphing where the twist / camber / thickness or the wing sections are changed in some way. One approach to this is the body of work which has considered a range of different approaches to change the internal structure of the wing cross-section, so that variations in the bending and torsional stiffness, and position of the flexural axis can be achieved thereby using the energy from the airflow to evoke changes in the wing structure deflections 3 . Some work has considered the amount of energy needed, and also the weight trade off, thereby attempting to answer the important question of whether the benefits that are gained from morphing are outweighed by the hardware that is needed to be able to achieve morphing, but this has not considered the capabilities of the morphing devices in a general sense. Little thought has been given towards how to define the best morphing approach from a system viewpoint e.g. what changes in EI, GJ, flexural axis position, or leading edge and trailing edge deformed shape, are required in order to enable the optimal aerodynamic shape at both design and off-design conditions, whilst minimizing the amount of morphing deformation that is required.
In previous work [4] [5] [6] , a design philosophy has been described, developed as part of the EU MAWS (Morphing Adaptive Wing Structures) Green Regional Aircraft Clean Sky and EU FP7 NOVEMOR projects, to enable the optimal generic design of morphing wings. As outlined briefly in Fig. 1 , the procedure combines the use of aerodynamic shape optimization to define the wing twist and camber along the span at each design point in the flight envelope to be considered. For a single design point, the structural design reduces to the definition of the jig shape, wing bending / torsional stiffness / flexural axis position that minimizes the wing weight whilst achieving the desired flight shape and aerodynamic load distribution, subject to a range of stress, deflection and dynamic stability constraints. With the inclusion of a morphing capability (partly shown in Fig. 1 ) and multiple design points, the optimization process is more complex, requiring not only the minimization of the overall mass, but also the reduction in the amount of morphing and associated power that is required over the design space. This paper will develop upon the initial findings reported in refs 4, 5 and 6. In particular, advances include:
 a more detailed evaluation of the optimization process using both adaptive stiffness and leading / trailing edge shape change;  evaluation of the approach on a regional jet wing configuration;  exploration of the effect of uncertainty on the optimization process and the development of robust optimization solutions.
The process is demonstrated on a conventional wing using four different points in the flight envelope to represent key elements of a typical aircraft mission. A range of different adaptive stiffness morphing devices are compared in order to assess the most effective way to achieve a morphing wing for the minimum amount of morphing capability, extra weight and power.
II. Methodology

A. Aerodynamic design & optimisation
As discussed in refs 4-6, the morphing wing design starts with aerodynamic inverse design. The vortex-lattice method is used to design the mean camber lines of the wing such that the induced drag is minimized. After a suitable discretisation of the wing planform (xy plane) into a number of elements, as shown in Fig. 2 , (each carrying a local horse-shoe vortex Γ), we write Lift and Lift-induced drag in the simplest way follow directly from optimization of spanwise lift distribution i.e. in the Trefftz plane [7] [8] [9] . For more generality, such as cambered wings, an alternative process for forces and moments involves summing up of ΔCp with dz/dx terms over the wing and inclusion of LE suction from ΔCp√ . It must be remembered that the role of introducing camber in the design process is to exchange LE suction for the shape of chordwise Cp distribution. Thus LE droop gives less LE suction and more aft loading. Twist on the other hand affects LE thrust but has less effect on the shape of chordwise Cp loading. For optimum designs including drag and pitching moment, camber and twist have to be considered together.
Focussing towards design, assuming a "reasonable" shape for chordwise ΔCp and a spanwise loading in Treftz plane, an "inverse" approach emerges using
2) The spanwise scaling factors can then be optimized following a Lagrange method so that the induced drag is minimized. The wing mean camber surface at any station then follows from integration in the direction. This dz/dx approach has been exploited previously [8] [9] [10] [11] and is well known that the VL and doublet lattice approaches are essentially equivalent. Elliptic spanwise loading enables minimum lift-induced drag; however, tapered wings may require more triangular loadings, implying a smaller root bending moment (RBM). Thus, we note that morphing will be required to achieve the optimal aerodynamic shape. It should also be noted that in the aerodynamic design process, special attention should be paid on the limit of maximum realizable pressure Cp, as shown in Fig. 3 .
B. Structural design & optimisation
With knowledge of the aerodynamic shapes including camber and twist for different flight conditions, we move to the structure model for determining the required stiffness and the jig shapes. As shown in Fig. 4 , the wingbox is located within the thickness parameters of the wing and is modelled as a cantilever beam fixed at the wing root. The beam has a hollow cross section with thickness , and for the left (front) and right (rear) sides, respectively, and for the upper and lower sides. Following a finite element technique, the wingbox beam is discretized into Ne elements, as shown in Fig. 5 . The aeroelastic equation coupling aerodynamic forces with the beam model is represented by:
where is the aerodynamic influence coefficient, represents the stiffness matrix, and 0 denote the elastic deformation and the jig shape, respectively. The structural properties can be expressed analytically as functions of the thickness and other geometry parameters of the wing 4-6 : where and are second moment of area and torsional constant, respectively. The structural weight of the wing can be expressed by
The structural design thus reduced to optimization of weight function W, subject to displacement/stress constraints represented by ( , ) = z ̅ − T ≥ 0,
T is the cross section thickness and represents the design variables, is material density, is element length, is the displacement vector, ( , ) represents a displacement constraint, ̅ is the allowable maximum displacement, T is a linear combination of the displacement components of the structure nodes. Following a gradient based approach 12, 13 , an optimality criteria method outlined in refs. 4-6 can be used to determine optimal thickness distribution and subsequently stiff distribution across the wing. 
C. Morphing technologies
The Adaptive Aeroelastic Structures methodology described in ref.
3 approaches the morphing problem by making changes to the wing-box to alter the bending stiffness, torsion stiffness and elastic axis position. The idea is that the aerodynamic forces and moments apply the desired changes in deflection and twist to the lifting surfaces. Of course, care has to be taken that the changes to the structure are maintained and that the loads are transferred as required. Such changes are seen as being adaptive, as they would be made very slowly throughout the flight, and consequently the actuation does not have to be fast.
A range of different concepts have been considered numerically and also on prototype wind tunnel models. These include a range of approaches for moving the spars and spar caps in a number of different ways:
 Rotating spars [14] [15] [16]  Moving spars The extent of the required changes in stiffness and elastic axis position will dictate the concept(s) that will be used for the final design.
III. Application to a Regional Jet Aircraft Wing
In this section, the design methodology is applied to a regional jet wing (span 40m, aspect ratio 12, taper ratio 0.5, cav 3.333 and LE sweep 10 deg.). Four flight points in the flight envelope is considered with M 0.74, CL 0.5, 30000ft; M 0.60, CL 0.61, 25000ft; M 0.40, CL 0.74, 10000ft ; M 0.25, CL 1.56, 5000ft. Given the planform and the required CL, Larmar's aerodynamic inverse design method 8 yields the mean camber shapes of the wing. These provide optimal aerodynamic performance in terms of lift-induced drag being minimized. For different flight conditions, the mean camber lines and at pre-defined stations can be obtained as shown in Fig. 6 , together with the distributions of ΔC p and ΔC p √x (a very convenient measure of LE suction singularity on thin wings). Note that ΔC p √x is close to zero at the leading edge. At the design condition, the LE suction is zero and LE lines in the direction of the local flow. As Mach number reduces, the wing is required to be more cambered. Correspondingly, the ΔC p increases. Herein, three morphing designs, i.e., twist morphing only, camber morphing only and twist & camber morphing, are considered. 
A. Twist morphing only example
In this case, we focus on high speed M 0.74 camber design and take it through the lower speed envelope points. To ensure the same total lift, the angles of attack for these cases will be different, and so as the corresponding ΔC p . At lower Mach numbers, the leading edge pressure ΔC p increases [4] [5] [6] . This is especially evident for the Mach 0.25 case. The local CLL for the various flight conditions increases as Mach number reduces. The spanwise loading
• /( • ) distribution are shown in Fig. 7 . For the lower Mach number cases, there is an increasing tendency for wing-tip loading. Consequently, the root bending moment for Mach 0.6, 0.4, and 0.25 cases will be higher than that of the Mach 0.74 case. As the beam will be designed to carry the largest bending case, the wing structure weight is dependent on the Mach 0.25 case. It should be stressed that this inference is not universal, and other wing planforms may yield different outcomes. Configuration factors e.g. nacelles positioning will also have a strong effect. Note that Fig. 7 suggests a possible way of reducing the wing structure weight (allowing in turn, a higher payload). This may be accomplished by requiring additional negative twist from structure morphing for the lower Mach number case. The spanwise loadings and RBM then remain similar at high and low speeds. For this purpose, the local AoA of lower Mach cases can be determined so that the same spanwise loading as that at Mach 0.74 is achieved. The results show that at low Mach nose-down twist is needed. The nose-down wing tip also assists in reducing both ΔCp and ΔCp√ implying that leading edge suction is suppressed.
After the determination of the aerodynamic shape (including camber and twist) of the wing for different flight conditions, the structural design is introduced into the optimization phase. This design seeks the jig shape, bending / torsional stiffness / flexural axis position that minimizes the wing weight and achieves the desired flight shape and load distribution, subject to a range of stress, deflection and dynamic stability constraints. The structural optimisation method outlined in refs 4-6 is used to determine the internal stiffness distribution for minimum weight.
For the current wing, the front and the rear of the wingbox are assumed to be at 20% and 70% of local chord respectively and the height of the wingbox is 10% of the local chord. The optimisation parameter is thickness t of the beam elements. As more nose-down twist is required for lower Mach cases, the structural torsional stiffness needs to be reduced for the lower Mach cases to achieve the flight wing shapes needed for the lower Mach cases [4] [5] [6] .
Based on the jig shape of the high speed case and the required local angles of attack shown for lower Mach cases to achieve the same spanwise loading, the elastic twist for the lower speed cases is found and shown in Fig.  8(a) . Comparing the required twist distribution level for four cases, it is noted that major differences in the twist value are found close to the wing tip. This is promising as it indicates most morphing required will be over the outer wing. The amount of reduction in torsional stiffness required to arrive at the flight shape of the lower Mach cases is found. Here, only the stiffness in the outer half span of the wing is allowed to change to minimise the morphing effort. The torsional constant needed for the four cases is shown in Fig. 8(b) . Over the outer wing, the Mach 0.6 case implies nearly 20% reduction of the torsional constant compared with the Mach 0.74 case. Rather large additional twist morphing at the wing-tip is required for the lower Mach cases, 0.40 and 0.25. 
B. Camber morphing only example
Here we consider the case of camber morphing only. The aim is to change just the wing camber to achieve the desired aerodynamic performance at multiple flight points in the flight envelope. To demonstrate the methodology, Larmar's aerodynamic inverse design method 8 was initially employed to obtain the wing camber shape and ΔCp and spanwise loadings information for the high Mach (0.74) case. Camber morphing can then be introduced to arrive at the wing shapes for the lower Mach flight conditions.
To account for the aeroelastic effects, the vortex-lattice aerodynamics is coupled with the beam model. Structural weight optimization of the wingbox, subject to a couple of stress/deflection constraints, is then conducted. The jig shape and the optimal thickness of the wingbox beam are obtained and these are then considered fixed for lower Mach cases. The stiffness distributions (EI, GJ) are obtained by using Eqs. (4) 
& (5).
A combination of LE and TE morphing is then introduced. The LE morphing is applied over the first 20% of the local chord, whilst the TE morphing extends over from 70% local chord, as shown in Fig. 9 . The amount of morphing in terms of changes in dz/dx (or quadratic z) of the local panels is determined so that the spanwise loading distribution is the same as that of M 0.74 case. Camber morphing allows re-distribution of the lift e.g. moving towards the wing root so that the root bending moment (RBM) can be reduced. Fig. 10 shows that constant LE camber morphing to reduce the ΔCp at the leading edge. In other words, it can assist in the reduction of leading edge suction and consequently prevent flow separation onset. Fig. 10 (b) also shows the peak ΔCp at the LE varies along the span, which suggests that optimization can be employed to reduce LE morphing efforts by using a variable droop angle. With use of LE camber morphing, the spanwise loading for low Mach cases are also made the same as that of the high speed cruise case. Comparing with the reference camber of the M 0.74 cruise case, it is found that LE droop angle of 16 degrees and a TE flap angle of 9 degrees are needed at some chordwise sections. A comparison of the morphing required for different low Mach cases show that as Mach reduces, more morphing is needed. For each flight condition, a larger TE flap angle is required over the in-board areas so that the spanwise loading can be shifted in-board, hence reducing the RBM. 
C. Twist & camber morphing example
Here, we consider varying twist and camber at different flight points. The flying shapes (camber and twist) of the wing at different Mach numbers can be determined using the aerodynamic inverse design technique outlined in Section II. Note that continuous camber morphing is required to change between different cambers and this can be accomplished by some mechanisms, for instance using actively controlled honeycomb or chiral structures 2 . In the current example, the camber shapes across the wing are shown in Fig. 6 for the four flight points. The local angle of attacks for chordwise rows of these four cases can then be determined. It is found that the designed wing for lower Mach cases have more nose-down twist at tip, compared with the M 0.74 case. Consequently, the high speed case corresponds to less twist, and thus requires a stiffer and heavier structure. As camber morphing is used in this example, the amount of the required twist morphing is smaller than the twist morphing only example considered previously.
Again, the structure optimisation method in Section II is used and the jig shapes for different flight points determined. At M 0.74, larger torsional stiffness GJs are needed to provide a stiffer structure giving a greater wing weight, therefore, the jig shape of the high speed case is chosen. The required twist to arrive at lower M flying shapes is shown in Fig. 11(a) . Compared with Fig. 8(a) , the twist morphing only case, we can see that less change in twist is needed. The spanwise variation of torsional modulus GJ for these flight points are shown in Fig. 11(b) ; much less change in GJ is required in comparison to the twist morphing only case. The differences in GJ (ΔGJ) are shown in Fig. 11(c) . It indicates that the amount of morphing via changes in the torsional stiffness is significantly lower. The associated amount of camber morphing is also less than the camber morphing only case. These findings suggest that combing twist and camber morphing is more beneficial, in comparison to twist or camber morphing only examples. 
IV. Morphing Wing Uncertainty and Sensitivity Analysis
Any computer model can be considered to be a function of its inputs. Although this function is deterministic and governed by known mathematical functions, it is often complex and may actually be encoded by a large numerical model which has no closed-form expression for its outputs as a function of its inputs. Therefore, this function could be considered unknown, since the output is unknown for a given set of inputs until the model has actually been run. If however, the function (model) is sampled at a number of carefully chosen input points, it is possible to fit a response surface which can predict the output of the model for any point in the input space without having to run the model. For models that are computationally expensive, creating an emulator (a model of a model) is a useful approach for sensitivity analysis which generally requires multiple runs of the model under investigation 22 . A particular probabilistic approach for developing an emulator is the use of Gaussian Process (GP) regression [23] [24] [25] . Using this emulator, it is then possible to infer sensitivity analysis data at a reduced computational cost and with little loss of accuracy. Computational savings can be up to two orders of magnitude compared to using a Monte Carlo method 22, 26 . The full details of the GP emulator and the sensitivity analysis measures can be found in refs. 22, 27 and 28. The sensitivity analysis presented in this paper was conducted using the software package Gaussian Emulation Machine for Sensitivity Analysis (GEM-SA) 29 . Using the Bayesian sensitivity analysis technique, a number of flight parameters are varied in the morphing wing model, described in Section II, to gain an understanding of the sensitivity of the change in torsional constant, ΔJ, to the input parameters. Two morphing conditions are considered: (1) twist only morphing condition and (2) twist and camber morphing condition. While the Bayesian sensitivity analysis technique has been used to examine the sensitivity of models in a variety of disciplines including: soil-vegetation-atmospheric transfer 30 , nuclear radiation releases 24 , the aortic valve 31 and landing gear loads 32 , this is a novel application of the Bayesian sensitivity analysis technique to morphing wing design problem. Fig. 12 provides a summary of the methodology followed in conducting the uncertainty and sensitivity analysis on the model using GEM-SA. The Bayesian sensitivity analysis technique in GEM-SA is comprised of two stages: the first involves creating an emulator of the morphing wing model by fitting a GP to the response surface using data from multiple runs of the model as dictated by a Design Of Experiments (DOE) so that the output of the model can be predicted for any point in the input space without having to run the simulation. The second stage involves representing each input flight parameter as a probability distribution and using the emulator built in the first stage to infer sensitivity analysis data such as Main Effects Indices (MEI), Total Effects Indices (TEI), first order interactions and higher order interactions.
In order to estimate the sensitivity measures described previously, the probability distributions for the input parameters are defined. The parameters can be specified as either Gaussian or uniform distributions based on how informative the available input parameter data are. In this study, the distributions have been defined as uniform distributions and the ranges of the flight parameter, provided in Table 1 provides the inputs and outputs for the uncertainty and sensitivity analysis. The inputs to the aerodynamic and structural models are: air temperature (T), flying velocity (V), Young's Modulus (E), Poisson's Ratio (ν) and density of the material (ρmaterial).
To develop the GP emulator, 15 combinations of input parameters were generated using a maximum Latin Hypercube DOE in GEM-SA. The model was then run to provide the corresponding outputs. The output of interest is the change in torsional constant, ΔJ, which was considered at the wing tip at beams 15 and 20. For the GP emulator, the emulator was built on the first 80% of the training data and the accuracy of the emulator is evaluated using the remaining 20% of the training data. Since the emulator calculates a mean function, which passes through the outputs and also quantifies the remaining uncertainty due to the emulator being an approximation of the true model, the emulator accuracy is evaluated using the Root-Mean-Squared (RMS) error 30 . The RMS error is the error between the emulator predictions and the model output data (data not used in training). Table 2 provides the cross-validation RMS error for each GP emulator. The error is low which indicates a reliable GP emulator fit and therefore trustworthy estimates of uncertainty. Table 2 also provides the emulator means and standard deviations of the uncertain outputs using the GP method. The Coefficient of Variation (CoV) is also provided, which is a ratio of the standard deviation to the mean, expressed as a percentage. The CoV provides an indication of the significance of the output uncertainty 31 . From the CoV, we can see that the uncertainty in the output ΔJ for the twist only and twist and camber wing morphing conditions are substantial because the standard deviation is approximately 25% of the mean. The sensitivity analysis in the following section provides details of the uncertain input parameters that significantly contribute to the output uncertainty.
A. Uncertainty analysis results
B. Sensitivity analysis results
Sensitivity analysis data from GEM-SA include the MEI, TEI and first order interactions and higher order interactions. MEI represents the contribution of the input uncertainty to the output uncertainty. A high MEI value means that the variance of the output will be reduced considerably if we learn the true value of the input parameter. First order interactions characterise the effect of varying two input parameters simultaneously, in addition to the main effects of both parameters. TEI measures the variance caused by an input and any interaction of any order including that input parameter. While an input parameter may have a low MEI, the TEI indicates if its first order and higher order interactions are significant 26 . Tables 3 and 4 provides the results for the morphing wing sensitivity analysis for the camber only and, twist and camber morphing conditions respectively. Input flight parameters with MEI and TEI values above 10% are emboldened.
For twist only and, twist and camber morphing conditions, temperature and flying velocity are highly significant to the uncertainty in ΔJ. However, Young's modulus, Poisson's ratio and material density do not contribute to the output uncertainty. The first order interactions account for less than 2.5% of the uncertainty in ΔJ and are from the interactions between temperature and flying velocity. Therefore, to reduce the ΔJ output uncertainty, it is important to reduce the input uncertainty in air temperature and flying velocity. 
V. Conclusions
Efficient environmentally friendly aircraft needs to be light and requires compromises in aerodynamic performance and structural design in order to cover the entire flight envelope, thus enabling a good compromise between high and low speeds. High speeds requires low camber and twist at moderate CL and minimization of wave drag, whereas low speeds require high CL operation with adequate stability and prevention of flow separation. This paper has demonstrated a morphing design framework integrating aerodynamics, structures and aeroelastic interactions for a typical regional aircraft wing. Prediction of the required wing surface geometry and structural changes through the flight envelope is made. A case study was performed considering twist morphing, camber morphing and a combined twist & camber morphing. The methodology was demonstrated to obtain a minimum weight solution subject to constraints and it was shown that the best solution to meet aerodynamic requirements across the flight envelope involved both types of morphing.
The effects of uncertainty in structural & aerodynamic model on morphing wing design have been investigated with a sensitivity analysis also carried out. It was found that: 1) Uncertainty is significant for the sensitivity in the structural torsional constant for the twist only, and twist and camber wing morphing conditions. 2) For the uncertain input parameters considered, the output standard deviations are approximately 25% of the mean. 3) To reduce the torsional constant uncertainty, it is important to reduce the input uncertainty in the air temperature and flying velocity, the former of which is difficult to achieve. 4) Young's modulus, Poisson's ratio and material density do not significantly contribute to the torsional constant uncertainty. 
